The paper examines the effect of small percentages of bentonite on pore pressure generation in loose sands, from small strains all the way to liquefaction. It relies on resonant column, static triaxial and cyclic triaxial tests conducted on specimens prepared by dry-mixing Ottawa sand and bentonite, at a skeleton relative density of 35% AE 5%. Two main variables are investigated: the percentage of bentonite (3% and 5% by dry mass of the sand), and the duration of the ageing period preceding shear (1 to 10 days). The presence of bentonite increases the shear strain needed to initiate the generation of excess pore pressures in resonant column tests; in cyclic tests it reduces the mean pore pressure generated per loading cycle and allows the specimen to sustain an increased loss of effective stress before liquefaction initiates, both effects contributing to an increased resistance to liquefaction. These effects are further enhanced with prolonged pre-shear ageing. Additionally, under static conditions, the behaviour of the sand is found to become increasingly stable as the ageing duration is extended. Given the role played by the ageing period, the effects observed cannot be simply ascribed to the increased bulk density of the specimens with bentonite. Instead, they are attributed to the pore fluid formed in presence of bentonite: a concentrated clay gel with solid-like properties. This pore fluid increases the sand's threshold shear strain, which is shown to have a strong correlation with the resistance to liquefaction.
INTRODUCTION
The issue of initiation and generation of excess pore pressure is critical in understanding and predicting the liquefaction phenomenon in sands and other granular materials under both static and cyclic loading.
For cyclic loading, two methods were used to study the rate and magnitude of pore pressure generation. The first method was stress-controlled cyclic tests, in which the generation of excess pore pressure was evaluated as a function of the number of loading cycles. The second method was strain-controlled cyclic tests with measurement of excess pore pressure with loading cycles for a given shear strain level.
Previous research (Lee & Albaisa, 1974; De Alba et al., 1976; Seed et al., 1976) showed a strong correlation between the normalised excess pore pressure ratio (the ratio between the measured excess pore pressure and the initial effective confining stress) and the number of loading cycles normalised by the number of cycles required to cause liquefaction. From undrained cyclic loading tests on Sacramento River and Monterey sands performed under stress control, Lee & Albaisa (1974) found a continuous increase in excess pore pressure as the cyclic loading progressed. They suggested that the excess pore pressure falls within a narrow band for a given sand, and is insensitive to the soil's initial density and consolidation stress. Similar findings were reported by De Alba et al. (1976) for Monterey #0 sand. Dobry et al. (1982) and Dobry (1985) examined pore pressure generation during strain-controlled, undrained cyclic loading as a function of the shear strain. They investigated the behaviour of saturated sands for a wide range of relative densities using different sands and various specimen preparation techniques. They too observed that the measured excess pore pressure fell within a narrow band, and found that it did not develop until a threshold shear strain was reached. Dobry (1985) referred to this strain as the threshold shear strain, and found it to be about 0 . 01%. Recent data (e.g. Hsu & Vucetic, 2004; Hazirbaba & Rathje, 2009 ) support this observation.
The presence of fines changes the response of sands during undrained loading, and numerous laboratory experimental investigations have explored this issue, focusing in particular on the effects of fines on cyclic resistance (e.g. Chang et al., 1982; Troncoso & Verdugo, 1985; Law & Ling, 1992; Finn et al., 1994; Koester, 1994; Vaid, 1994; Thevanayagam et al., 2002; Carraro et al., 2003; Polito & Martin, 2003) . These studies paint a complex picture of behaviour in which the amount and the nature of the fines (plastic or non-plastic) play a critical role. The presence of fines also controls the undrained response under static loading (e.g. Georgiannou et al., 1991; Yamamuro & Lade, 1998; Murthy et al., 2007; Bobei et al., 2009) , and sands with fines have been shown to exhibit a 'reverse' (Yamamuro & Lade, 1998) pattern of pore pressure generation, with increased instability (i.e. a greater tendency to liquefy) at lower pre-shear effective stresses.
With regard to the effect of plastic fines, there is general consensus that their presence produces an increase in the resistance to liquefaction. This conclusion is supported by field observations (e.g. Wang, 1979; Seed et al., 1983; Tokimatsu & Yoshimi, 1983; Ishihara, 1993 Ishihara, , 1996 and laboratory data (e.g. Ishihara & Koseki, 1989; Yasuda et al., 1994) . The latter includes work performed by the authors (El Mohtar et al., 2008a , 2013 Rugg et al., 2011) as part of an investigation on the use of bentonite suspensions to treat liquefiable soils. These showed that the presence of small percentages (3-5%) of bentonite, if properly hydrated, increased the cyclic resistance compared with clean sand at the same skeleton relative density, and that an extended duration of pre-shear ageing led to a further increase of the cycles required to liquefy the soil at a given cyclic stress ratio, CSR (Fig. 1) .
In general, the impact of fines on pore pressure generation during cyclic loading has received less attention. Data by Polito (1999) on Yatesville sand showed that for kaolinite percentages up to 17% the curves of normalised excess pore pressure against normalised number of cycles fall within the band formed by the data for sand with no fines, and are within the range found in earlier studies as typical for clean sands. Additionally, these data indicate that an increasing plasticity of the fines leads to a faster rate of pore pressure generation during the first part of the test. As pointed out by Hazirbaba & Rathje (2009) , few studies have investigated the effect of the fines on pore water pressure generation; in particular, very limited data are available on the effect of plastic fines on the threshold shear strain. The observed increase in threshold shear strain with increasing soil plasticity reported, for example, by Hsu & Vucetic (2006) for cohesive soils suggests that an increase in the threshold shear strain might be expected with increasing plasticity of the fines.
The work presented in this paper seeks to increase understanding of the mechanisms responsible for the development of excess pore pressure in sands with highly plastic fines. It examines the effects of the presence of bentonite -a highly plastic clay -on the initiation of excess pore pressure at small strains (from resonant column tests), on the pore pressure developed at large strains under monotonic loading (from static triaxial tests), and on the rate of pore pressure generation during cyclic loading all the way to liquefaction (from cyclic triaxial tests). It emphasises the effects of the microstructure, and in particular the role played by bentonite in the pore fluid on the overall macroscopic behaviour.
EXPERIMENTAL METHODS
Static triaxial, cyclic triaxial and resonant column tests were conducted on soil specimens prepared by mixing Ottawa sand with 3% and 5% bentonite by weight of dry sand. The sand used for the tests was Ottawa sand C 778, a very uniform (C u ¼ 1 . 7), clean, fine-to-medium sand, with 2-5% non-plastic fines passing the no. 200 sieve, specific gravity (G s ) of 2 . 65, and maximum and minimum void ratios equal to 0 . 78 (e max ) and 0 . 48 (e min ) respectively. The bentonite used was a commercial Wyoming bentonite, manufactured by Volclay, with at least 85% passing the no. 200 sieve, specific gravity of 2 . 65 and liquid limit (LL) and plastic limit (PL) equal to 397% and 41% respectively. Bentonite consists primarily of smectite clay minerals, 2:1 minerals formed with an octahedral layer sandwiched between two tetrahedral layers.
The bentonite was introduced into the specimens by drymixing it with the sand at percentages of 3% or 5% with respect to the dry weight of the sand, before specimen preparation. The mixture was then air-pluviated into a standard, membrane-lined, split triaxial mould with a nominal diameter of 71 mm and height-to-diameter ratio of 2. Air pluviation consists of passing the dry-mixed soil through a funnel and tube into a mould.
After pluviation, a suction of 25 kPa was applied to allow for removal of the split mould, measurement of the specimen dimensions, and assembly of the triaxial cell. Then the suction was gradually replaced by a cell pressure of 25 kPa, maintaining a constant effective stress. The specimen was then flushed first with carbon dioxide and then with water from the bottom of the specimen under a low gradient (to minimise volume changes associated with flushing). Specimens with bentonite were allowed to hydrate for 72 h before back-pressure saturation; clean sand specimens were backpressure saturated right after flushing with water. For all specimens, a minimum B-value of 0 . 95 was reached before the consolidation stages. Specimens were then consolidated to 100 kPa effective stress, left undisturbed for a period of time (ranging between 1 and 10 days), and then tested.
For tests with consolidation times exceeding 1 day, a layer of mineral oil was added on top of the water surrounding the specimen to reduce air migration through the water into the specimen. B-value measurements taken over a period of 10 days showed no change in the level of saturation, and the measured B-values remained above 0 . 95. All drainage lines were dry at the beginning of the test to avoid hydration of the bentonite near the top and bottom caps, which would interfere with carbon dioxide and water flushing. Additional details of specimen preparation and testing procedures can be found in El Mohtar (2008) and El Mohtar et al. (2013) .
Clean sand and sand-bentonite specimens were prepared targeting the same end of consolidation (pre-shear) 'skeleton void ratio'. This parameter is the void ratio calculated by neglecting the presence of the bentonite. The value of the targeted skeleton void ratio corresponds to a skeleton relative density of 35% AE 5% (calculated using the minimum and maximum void ratios of the clean sand).
The initial weight and height measurements and the height and volume changes measured during the flushing, hydration and consolidation stages were used to track the specimen void ratio. At the conclusion of each test, the specimen was divided into three sections (top, centre and bottom), and the bentonite content and void ratio were measured for each section. The measured bentonite contents were within 0 . 5% (by dry mass of sand) of the target value. The void ratio was calculated from the measured water content at the three different locations (assuming saturation), and was found to be within AE3% of each specimen mean void ratio.
Multiple tests were performed at selected CSR values to ensure the repeatability of the results (CSR of 0 . 1 and 0 . 15 for sand, CSR of 0 . 1, 0 . 125, 0 . 1 and 0 . 2 for 3% bentonite specimens, and CSR of 0 . 2, 0 . 175 and 0 . 15 for 5% bentonite specimens).
In addition to the resonant column and triaxial tests, rheological tests were performed on concentrated bentonite suspensions representative of the pore fluid formed in the sand-bentonite mixtures. These tests were conducted using the Anton Paar MCR 301 rheometer, a state-of-the-art apparatus through which the flow and viscoelastic properties of complex fluids can be measured. Specifically, the cone and plate geometry was employed to conduct amplitude sweep tests, which provide a measure of the stiffness of the bentonite suspension as a function of shear strain.
RESULTS
Pore pressure generation at small strains from resonant column tests Specimens in the fixed-base, free-top resonant column test had dimensions similar to those for the triaxial tests, a nominal diameter of 71 mm and a height-to-diameter ratio of 2. Resonant column tests on clean Ottawa sand and sand with 3% and 5% bentonite were performed under undrained conditions to observe whether the shear strain threshold, at which specimens start to generate excess pore pressure, changes with the addition of bentonite. Fig. 2 shows plots of the excess pore pressure generated in sand specimens with 0% (clean sand), 3% and 5% bentonite at an effective confining stress of 100 kPa. The results show that excess pore pressure starts generating in clean sand specimens at lower shear strains relative to the sand-bentonite specimens. At any given strain exceeding the threshold shear strain for clean sand, the magnitude of the excess pore pressure is much larger in clean sand than in sand with bentonite.
Figure 2 also shows plots of normalised shear modulus as a function of shear strain. These plots show an increased linear threshold and a decreased degree of non-linearity for the sand-bentonite specimens compared with clean sand. The magnified loss in normalised shear modulus at higher shear strains is due primarily to the reduction in effective stresses caused by the generation of excess pore pressure. This can be observed from the results (Fig. 3 ) of resonant column tests conducted under drained conditions -that is, at a constant effective confining stress -on both clean sand and 3% bentonite specimens. Fig. 3 shows that under drained conditions the normalised curves for the two specimens overlap, indicating that, at a constant effective stress, the presence of bentonite has no effect on the variation of the normalised shear modulus with shear strain. Also included in Fig. 3 are the curves for the same two specimens tested under undrained conditions. It is seen that the undrained data for the sand-bentonite specimen fall in the same band as the drained results. This is due to the limited excess pore pressures generated during testing for the range of strains applied, which is in contrast to the clean sand response.
Undrained resonant column tests were also performed on specimens with 3% bentonite after 1, 4 and 10 days of ageing at an effective confining stress of 100 kPa. At the end of the ageing time, undrained resonant testing was done. Fig. 4 shows plots of the normalised shear modulus and the excess pore pressure, normalised by the pre-shear effective confining stress, against shear strain. The results for a test on clean sand are also included for comparison. While no significant change in the stiffness degradation curve is observed with increased ageing duration, the excess pore pressure data show a clear delay in pore pressure generation with increasing ageing. The values of the threshold shear strain summarised in Table 1 show an over fivefold increase in threshold strain from clean sand to 3% bentonite after 10 days of ageing.
Note that the value reported in Table 1 for clean sand is approximately an order of magnitude smaller than the 0 . 01% threshold cyclic shear strain value cited, for example, by Dobry & Abdoun (2011) . As discussed in detail by Chung et al. (1984) , this is expected in tests on virgin specimens such as the ones presented in this paper, in which the excitation force is increased incrementally, with the drainage lines always remaining closed. Chung et al. reported a threshold cyclic shear strain amplitude of 0 . 0015% at which excess pore pressures started generating. At these small strain levels, the excess pore pressures are limited and cannot generate liquefaction, regardless of the number of loading cycles. Other factors that contribute to the difference between threshold shear strain in this study and the threshold shear strain reported in the literature (e.g. Dobry et al., 1981) is that the resonant frequencies are at approximately 100 Hz (compared with 1 Hz), and that many cycles of loading, typically several thousands, occur for each data point on these plots. Nonetheless, the test results are reproducible and consistent, and are reliable measures of shear modulus and damping at very low to medium shear strains.
Pore pressure generation at large strains obtained from cyclic loading tests The generation of excess pore pressure and its effect on the behaviour of sand-bentonite specimens at large strains were investigated by conducting stress-controlled undrained cyclic loading triaxial tests. As discussed earlier, evaluation of the pore pressure response during cyclic loading is traditionally based on plotting data in terms of excess pore pressure normalised by the initial confining effective stress against the number of cycles normalised by the number of cycles necessary to generate liquefaction (for all tests in this study, liquefaction was defined as the condition corresponding to the excess pore pressure reaching 100% of the initial lateral effective stress). Fig. 5 compares the response of clean sand and sand with 3% and 5% bentonite after 1 day of consolidation. For reference, the figure also includes an envelope based on data from the literature for different clean sands (Lee & Albaisa, 1974; De Alba et al., 1976) . The data for the clean sand fall in the range for other clean sands reported in the literature, while the 3% and 5% bentonite bands are shifted upwards, owing to a higher rate of excess pore pressure generation in the earlier cycles. However, the rate of pore pressure generation slows down after that initial phase, resulting in the increased cyclic resistance observed in Fig. 1 .
Additional insight into the role played by the bentonite fines can be obtained by looking more closely at the different stages of excess pore pressure generation, which are identified in Fig. 6(a) . The plot of excess pore pressure against number of cycles shown in this figure pertains to a 3% bentonite specimen tested with a CSR of 0 . 125 after 1 day of ageing. The excess pore pressure generated during cyclic loading can be separated into two components: (a) the component associated with the loading cycle (U cyclic ) -that is, the temporary excess pore pressure that is dissipated at the end of each loading cycle; and (b) the mean excess pore pressure (U m ), which is non-recoverable, and is continued to the next cycle.
Four distinct regions can be identified in the excess pore pressure curve presented in Fig. 6(a) , as follows. All clean sand, 3% and 5% bentonite specimens that reached liquefaction displayed a similar pore pressure generation curve except for specimens that liquefied in less than 10 cycles (insufficient cycles to identify the four distinct regions).
As shown in Fig. 5 , an initial higher rate of pore pressure generation is observed in the sand-bentonite specimens. This behaviour can be attributed to the presence of bentonite particles trapped at the sand contacts, which, as reported by El Mohtar et al. (2008b) , also causes the initial stiffness of the specimen measured in resonant column tests to decrease slightly; this results in higher deformations and excess pore pressure generation. Beyond this stage, which is limited to less than 15% of the cycles required to liquefy the specimen, the presence of bentonite reduces the excess pore pressure generation under the applied cyclic loads. This is shown in Fig. 6(b) , which presents the average mean excess pore pressure generated per loading cycle in the plateau region against the CSR. The figure, which includes results from specimens prepared with 0%, 3% and 5% bentonite tested after 1 day of consolidation, as well as those from 3% bentonite specimens tested after 4 and 10 days of consolidation, shows that for all the specimens there is an exponential increase in the average mean excess pore pressure with increasing CSR. More importantly, it shows that at any CSR there is a significant decrease of the mean excess pore pressure with increasing bentonite content and/or ageing of the bentonite. In addition to reducing excess pore pressure generation in the plateau region, the presence of bentonite and prolonged ageing essentially 'extend' this region. This is illustrated in Fig. 6(c) , which shows the magnitude of the mean excess pore pressure,˜U m , developed at cycle N Acc for different bentonite contents and ageing times. N Acc , which is the number of cycles at which the generation of excess pore pressure generation starts accelerating, was identified by plotting the change in mean excess pore pressure (U m ) against loading cycle, as shown in Fig. 7 for two tests: one on clean sand (Fig. 7(a) ), which liquefied after 15 cycles, and the other (Fig. 7(b) ) on a specimen with 3% bentonite, in which liquefaction was reached after 88 cycles, both tested at a CSR of 0 . 125. Figure 6 (c) shows that, for a given CSR, N Acc occurs at higher mean excess pore pressure,˜U m , with increasing bentonite content and ageing time. This indicates that increasing bentonite content and/or ageing results in specimens that are able to sustain a greater loss in effective confining stress before reaching N Acc , that is, before the excess pore pressure generation accelerates. Differences in excess pore pressure generation in the presence of bentonite are observed even after the specimens have reached cycle N Acc : Consistent with the reduced rate of excess pore pressure generation in this region shown in Fig. 5 , it is found that, in the case of clean sand, fewer cycles are needed to go from cycle N Acc to N Liq than in the case of specimens with bentonite. This is shown in Fig. 6(d) , which plots the number of loading cycles needed to cause liquefaction beyond N Acc (i.e. N Liq À N Acc ) with increasing bentonite content and ageing duration. The combination of the effects outlined in Fig. 6 produces the increased resistance to liquefaction depicted in Fig. 1 .
Pore pressure generation at large strains from static loading tests A series of undrained isotropically consolidated static triaxial tests was performed to characterise the mechanical properties of the sand-bentonite mixtures, and to determine the effects of bentonite and ageing on the excess pore pressure generation under static loading. Tests were run on specimens with 0%, 3% and 5% bentonite content at confining stresses of 50 kPa, 100 kPa and 150 kPa. Additional 3% bentonite specimens were allowed different ageing times, ranging from 1 to 10 days, under a constant 100 kPa effective confining stress. Fig. 8 shows plots of the excess pore pressure generated during the undrained static shear, and Fig. 9 shows the corresponding stress paths. Fig. 8 shows a more contractive tendency for the 3% and 5% bentonite specimens tested after 1 day of consolidation than clean sand before the phase transformation and the start of dilation; additionally, the 3% specimens consistently show a marginally higher excess pore pressure than the 5% bentonite specimen at any strain level. Similar trends are observed at 50 kPa and 150 kPa. The opposite effect is observed when the specimens are allowed to age for extended periods. As shown in the figure, the excess pore pressure decreases significantly with increased ageing: for example, Fig. 8 shows that, for the same 3% bentonite content after 10 days of consolidation, the excess pore pressure generated is less than half of that generated after 1 day of ageing.
It is suggested that the increased generation of excess pore pressure in the specimens with 3% and 5% bentonite tested after 1 day of consolidation is due to the bentonite trapped between the sand grains during specimen formation. With continued shear the grain contacts can engage, eventually producing the shift from contractive to dilatant tendency. This is similar to what has been observed, for example, by Yamamuro & Lade (1998) in undrained tests on sand with silty fines. This hypothesis is supported by the results of undrained tests conducted by Rugg et al. (2011) on specimens of Ottawa sand permeated with bentonite suspensions, in which an amount of bentonite corresponding to 3% by dry mass of the sand was delivered in the pore space in the form of a suspension after formation of the clean sand specimen. Given the delivery of the bentonite through permeation, the sand skeleton structure of this specimen was not altered, and the increased contractive tendency observed above for the dry-mixed specimens with 1 day of ageing was not observed.
Figure 9 also shows that with an increase in ageing time the specimens become less contractive, and that the dilation tendency starts at a higher mean effective stress. After 10 days of ageing the response of the sand-bentonite specimen resembles that observed for the permeated specimen tested by Rugg et al. (2011) . This is an indication that at this time the response is fully controlled by the pore fluid.
The change in behaviour with ageing at the same bentonite content and same effective confining stress also implies that the properties of the clay between sand grains and the pore fluid control the contractive/dilative tendency rather than the absolute change in bulk density due to the presence of the fines. Fig. 9 also indicates that clay percentage and ageing time affect the peak friction angle. This influence requires further investigation.
MICROSTRUCTURE AND PORE PRESSURE GENERATION
The results presented above show that the addition of small percentages (3-5%) of bentonite produces significant changes in the response of sand at both small and large strains. Most importantly, from a practical perspective, the addition of bentonite leads to an increase in cyclic resistance at any given CSR. Moreover, for a given bentonite percentage, the resistance to liquefaction increases with time (Fig.  1) . It is proposed that the observed changes in behaviour are due to the swelling of the bentonite inside the sand pore space and the formation of a thixotropic pore fluid of concentrated bentonite suspension.
Oscillatory rheological tests conducted on concentrated bentonite suspensions provide the means to investigate the mechanical properties of the pore fluid that is formed under these conditions. For the targeted skeleton relative density of 35%, the concentration of bentonite in the pore fluid is calculated at approximately 10% and 16 . 7% (by mass of the water) for bentonite contents equal to 3% and 5% by mass of the sand respectively. These calculations assume that all the bentonite hydrates and swells inside the sand pore space. Previous work (El Mohtar et al., 2008a , 2013 suggests that this may not be the case because of the specimen preparation procedure followed, which allows part of the bentonite to remain attached to the surface of the sand grains. Regardless, similar observations would apply for slightly less concentrated suspensions. Figure 10 shows curves of the storage (elastic) and loss (viscous) moduli determined from amplitude sweep tests performed on 10% and 16 . 7% bentonite suspensions (two independent tests for each concentration). These tests involved application of a sinusoidal shear strain of increasing amplitude at a frequency of 1 Hz, and measurement of the resulting shear stress, which can be expressed as the sum of two components: one in phase with the applied shear strain, from which the storage modulus (G9) is derived; and one 908 out of phase, from which the loss modulus (G0) is calculated. The figure shows an essentially linear elastic response (G9 ¼ constant and ) G0) for shear strains up to 1%, solid-like behaviour (i.e. G9 . G0) up to shear strains exceeding 10%, and a significant increase in storage modulus with increasing bentonite content. The data shown in Fig. 10 pertain to suspensions tested 1 day after being mixed. With increased ageing time both moduli increase significantly (Clarke, 2008) .
The behaviour shown in Fig. 10 is typical of materials termed 'gels' (e.g. Abend & Lagaly, 2000) or also 'soft jammed systems' (Coussot, 2005) , in which each of the colloidal-size particles (bentonite in this case) interacts with a number of the other elements that surround it. It is the 'jammed' nature of this pore fluid that limits the movement of the sand particles.
The plots of storage modulus (G9) against shear strain for 10% and 16% bentonite suspensions are shown in Fig. 11 , together with a plot of the shear modulus (G), against shear strain for a clean sand specimen tested at a confining stress of 100 kPa. The shear modulus curve for the clean sand was obtained by combining the results from an undrained resonant column test (ª , 10 À2 %) and an undrained cyclic triaxial test (ª . 10 À2 %). Young's modulus and axial strains were converted to shear modulus and shear strains respectively, assuming isotropic linear elastic behaviour with a Poisson's ratio of 0 . 5, as described by Georgiannou et al. (1991) . This representation enables a comparison of behaviour with increasing shear strain between the sand skeleton and the bentonite-rich pore fluid in the sand-bentonite mixtures. Fig. 11 shows that the mixtures are composed of a stiff sand skeleton with a small elastic threshold (, 0 . 005%) and a much 'softer' pore fluid with a high linear elastic threshold (. 1%). Figure 11 suggests that during cyclic loading, once the shear strain exceeds the linear threshold of the sand, the pore fluid provides an elastic restraint to particle movement, thus reducing plastic deformations in the specimen. This hypothesis is consistent with the increase in the threshold shear strain (corresponding to the onset of excess pore pressure generation during undrained loading), with increasing bentonite content observed in resonant column tests (Table 1 ). The hypothesis is also supported by the behaviour observed with increased ageing, as the shear stiffness of the pore fluid increases, providing additional resistance to particle movement, and resulting in an increase in the threshold shear strain as well.
RELATING SMALL-AND LARGE-STRAIN RESPONSE
The results for the resonant column tests performed under undrained conditions reported above show that the presence of bentonite leads to an increase in the threshold shear strain required to initiate excess pore pressures. Extended ageing further causes this strain to increase, by as much as a factor of 5 for the testing conditions examined in this paper.
The increase in the threshold shear strain is thought to be one of the mechanisms responsible for the increase in liquefaction resistance of the sand-bentonite specimens. This is illustrated in Figs 12 and 13, which show how both the double-amplitude shear strain measured at cycle N Acc and the number of cycles to liquefaction measured in cyclic triaxial tests exhibit a strong correlation with the threshold shear strain value measured in resonant column tests. Figure 12 presents the values of CRR 10 , CRR 20 and CSR min against threshold shear strain for clean sand, 3% sand-bentonite and 5% sand-bentonite specimens after 1 day of consolidation and 3% sand-bentonite specimens after 4 and 10 days of consolidation. CRR 10 and CRR 20 are the CSR values at which the soil reaches liquefaction in 10 and 20 cycles respectively, and CSR min is the minimum CSR value needed to liquefy the soil. The results show a clear relationship between the cyclic resistance to liquefaction and the threshold shear strain: the higher the threshold shear strain, the greater the increase in cyclic resistance. This relationship between threshold shear strain and cyclic resistance is consistent with results published by Dobry et al. (1981) , which show an increase in cyclic resistance of overconsolidated sands accompanied by an increase in the threshold shear strain. Figure 13 shows the double-amplitude shear strain at cycle N Acc (which for a given material is independent of CSR) against the threshold shear strain. While the two strains are more than an order of magnitude apart, the figure shows that there is a strong correlation between threshold shear strain and the double-amplitude strain at cycle N Acc : The higher double-amplitude strain at cycle N Acc is consistent with the results presented in Fig. 6(c) : given that specimens with bentonite can sustain higher shear strains before reaching cycle N Acc , the generated excess pore pressures at this cycle are higher.
CONCLUSIONS
The paper presents the results of resonant column, static triaxial and cyclic triaxial tests on clean Ottawa sand and sand with 3-5% bentonite (by dry weight of the sand). All specimens were prepared at the same skeleton relative density (35% AE 5%) by dry-mixing the sand and bentonite prior to specimen formation, and, for the specimens with bentonite, varying the duration of the post-consolidation ageing phase between 1 and 10 days.
The results show that the presence of the highly plastic fines significantly affects the generation of excess pore pressure at both small and large strains under static and cyclic loading.
Initially, the presence of bentonite results in a more contractive soil tendency (as compared with clean sand) under static loading. However, over time, the behaviour became less contractive, and excess pore pressures are reduced. This trend of reduced contractive tendency is a result of the change in the properties of the pore fluid rather than the bulk void ratio, since the latter does not change with time.
During undrained cyclic loading, both clean sand specimens and specimens with bentonite exhibit a similar pattern of excess pore pressure generation, consistent with data reported in the literature. However, the presence of bentonite and the duration of ageing affect the magnitude of the pore pressure during all stages of the test. Specifically, an increased bentonite content or extended ageing time reduces the rate of pore pressure generation during cyclic loading, allowing the soil to sustain a more significant effective stress loss prior to the acceleration of excess pore pressure generation, and increase the number of cycles that the soil can sustain thereafter, prior to liquefying. Combined, these three effects contribute to a dramatic increase in the liquefaction resistance of the sand.
These results are consistent with field observations of the increased liquefaction resistance of deposits with plastic fines, and support the use of a recently proposed liquefaction mitigation technique (El Mohtar et al., 2013) , which is based on introducing small percentages of bentonite into the soil's pore space.
The significant role played by ageing duration indicates that, for the high-plasticity fines examined in this research, the observed changes in material response are not influenced by changes in the bulk density of the soil. Instead, they appear to be controlled by the properties of the pore fluid formed in the presence of bentonite: a concentrated clay gel, which exhibits elastic behaviour up to shear strains exceeding 1%. The formation of this pore fluid is responsible for the increase in the critical strain at which excess pore pressure is generated, as observed in the resonant column tests. An extended duration of the ageing time further increases the value of this threshold shear strain, which is found to have a strong correlation with the soil's resistance to liquefaction.
The impact of the ageing duration demonstrated in the paper indicates that previous studies that have not specifically addressed the role of ageing may not adequately represent field conditions. It also suggests that inconsisten- Fig. 13 . Double-amplitude strain at N Acc against threshold shear strain for 0%, 3% and 5% sand-bentonite specimens (solid line is linear best-fit line) cies in laboratory observations on the effects of plastic fines reported in the literature (e.g. Chang et al., 1982; Troncoso & Verdugo, 1985) could be a result of different durations of the post-consolidation ageing phase.
